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abstract 


The  thermal  conductivities  over  the  temperature  range  100  to  500  C  have 
been  determined  for  20  irons  and  steels  which  were  selected  as  typical  examples 
of  commercial  materials  used  for  a  variety  of  purposes  and  expected  to  have 
considerably  different  thermal  conductivities.  The  data  on  the  chromium-iron 
anc  chromium-nickel-iron  alloys  are  of  particular  interest  because  of  the  lack  of 
previous  data  on  the  thermal  conductivity  of  "stainless"  steels. 

The  apparatus  was  designed  for  comparative  measurements  and  thus  eliminated 
calorimetric  or  power-input  determinations  which  are  difficult  to  perform  with 
uniformly  high  accuracy  over  a  broad  range  of  temperature.  High-purity  lead 
was  used,  either  directly  or  indirectly,  as  the  standard  with  which  other  metals 
were  compared. 

The  results  indicate  that,  in  general,  the  differences  in  conductivity  of  irons 
and  steels  are  much  smaller  at  high  temperatures  than  at  room  temperatures. 
High-alloy  steels  have  lower  thermal  conductivities  than  low-alloy  steels.  The 
thermal  conductivities  of  irons  and  low-alloy  steels  decrease  with  increase  in 
temperature.  The  conductivities  of  the  high-alloy  steels  increase  with  increase 
in  temperature;  in  other  words,  an  increase  in  the  amount  of  alloying  constitu- 
ents in  iron  causes,  in  general,  a  decrease  in  thermal  conductivity  and  an  increase 
in  the  temperature  coefficient.  The  many  and  sometimes  conflicting  factors 
concerned  make  it  practically  impossible  to  generalize  on  the  quantitative  rela- 
tionship of  thermal  conductivity  and  total  alloy  content  of  ferrous  metals. 

A  fairly  complete  bibliography  of  data  on  the  thermal  conductivity  of  iron  and 
steel  is  given. 
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I.  INTRODUCTION 

Previous  determinations  of  the  thermal  conductivities  of  iron  alloys 
are  surprisingly  few.  Hall  x  gives  an  excellent  summary  of  the 
investigations  made  by  Forbes,  Lorenz,  Angstrom,  Neumann  and 
others  during  the  nineteenth  century.  A  fairly  complete  bibli- 
ography of  subsequent  data  relating  to  the  thermal  conductivity-  of 
iron  and  its  alloys  is  appended  to  this  paper. 

The  primary  object  of  most  of  the  earlier  researches  was  to  correlate 
thermal  and  electrical  conductivities.  The  test  material  was  of 
secondary  importance.  Later  tests  were  made  on  present  day 
structural  materials  and  the  results  are  more  reliable  and  have  more 
practical  application.     Information  on  the  thermal  conductivity  of 

1  E.  H.  Hail,  concerning  thermal  conductivity  of  iron,  Physical  Keview,  vol.  10,  p.  277, 1900. 
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structural  materials  over  a  range  of  temperature  is  of  considerable 
importance  within  a  limited  field  2  in  the  selection  of  materials  and  in 
the  design  of  structures. 

In  this  paper  are  given  results  of  the  determination  of  the  thermal 
conductivities  of  20  miscellaneous  irons  and  steels  which  were  selected 
as  typical  examples  of  commercial  materials  used  for  a  variety  of 
purposes  and  were  expected  to  have  considerably  different  thermal 
conductivities.  The  data  on  the  chromium-iron  and  chromium- 
nickel-iron  alloys  are  of  particular  interest  because  of  the  lack  of 
previous  data  on  the  thermal  conductivity  of  stainless  steels. 

II.  TEST  METHOD 

The  method  and  apparatus  used  in  the  determinations  given  in  this 
paper  are  described  in  detail  in  a  separate  paper.3 

The  apparatus  was  designed  for  comparative  measurements  and 
thus  eliminated  calorimetric  or  power-input  determinations  which  are 
difficult  to  perform  with  uniformly  high  accuracy  over  a  broad  range 
of  temperature.  High-purity  lead  was  used,  either  directly  or  in- 
directly, as  the  " standard"  with  which  other  metals  were  compared. 
The  thermal  conductivity  of  lead  at  ordinary  temperatures  is  believed 
to  be  known  with  as  high  an  accuracy  as  that  of  any  metal. 

The  method  consisted  essentially  in  measuring  the  axial  tempera- 
ture gradients  in  two  cylindrical  bars,  soldered  together  end  to  end. 
One  end  of  the  system  was  heated,  and  the  other  was  cooled.  The 
convex  surface  of  the  bars  was  protected  from  loss  or  gain  of  heat  by  a 
shield  tube.  After  a  steady  state  of  heat  flow  has  been  attained,  the 
heat  flux  is  the  same  in  both  bars,  and  the  conductivity  at  any  point 
in  either  bar  is  inversely  proportional  to  the  temperature  gradient  at 
that  point.  If  the  absolute  value  of  the  conductivity  of  the  metal 
of  one  bar  is  known  at  some  temperature  within  the  experimental 
range,  the  conductivity  of  the  other  metal  can  be  calculated  at  all 
points  where  the  temperature  gradient  has  been  measured. 

III.  MATERIALS  AND  RESULTS 

The  materials  on  which  determinations  were  made  are  described 
in  table  1. 

The  results  of  thermal  conductivity  determinations  of  the  irons  and 
low-alloy  steels  are  shown  graphically  in  figure  1 .  The  results  on  the 
high-alloy  steels,  including  chromium  steels  and  a  high-manganese 
nickel  steel,  are  shown  in  figure  2,  and  those  on  the  "eigh teen-eight" 
type  chromium-nickel  steels  in  figure  3 .  Thermal  conductivity  values 
for  different  temperatures,  interpolated  from  the  experimental  re- 
sults, are  listed  in  table  2.  The  value  for  the  thermal  conductivity 
of  lead,  0.352  watts  cm-1  deg-1  at  0  C  (International  Critical  Tables, 
vol.  5,  page  218)  was  used  as  the  basis  for  all  determinations. 

2  M.  S.  Van  Dusen,  note  on  applications  of  data  on  the  thermal  conductivity  of  metals.    Symposium  on 
Effect  of  Temperature  on  the  Properties  of  Metals,  A.S.M.E.-A.S.T.M.,  p.  725,  1931. 

3  M.  S.  Van  Dusen  and  S.  M.  Shelton,  B.S.Jour.  Research,  vol.  12  (RP  668),  p.  439,  1934. 
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Figure  1. — Thermal  conductivity  of  irons  and  low  alloy  steels  from  100  to  550 
degrees  Centigrade  {212  to  1,020  degrees  Fahrenheit). 

C\ — -open  hearth  iron;  approximately  99.9  percent  iron. 

Cr— wrought  iron;  approximately  99.5  percent  iron. 

Cz  and  C*— cast  irons;  approximately  4.0  percent  carbon  and  1.5  percent  silicon. 

S\  and  SiQ — carbon  steel;  0.83  percent  carbon. 

S2— nickel  steel;  0.35  percent  carbon;  1.37  percent  nickel;  0.46  percent  chromium. 

S3— manganese  steel;  0.51  percent  carbon;  1.65  percent  manganese. 

Si— tungsten  steel;  0.35  percent  carbon;  1.04  percent  tungsten. 

S5— chromium  steel;  0.10  percent  carbon;  5.15  percent  chromium. 
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Figure  2. 


■Thermal  conductivity  of  high  alloy  steels  from  100  to  600  degrees  Centi- 
grade (212  to  1,110  degrees  Fahrenheit) . 


A\— chromium  steel;  0.08  percent  carbon;  15.19  percent  chromium. 

At- chromium  steel;  0.07  percent  carbon;  12.0  percent  chromium. 

A%— chromium  steel;  0.14  percent  carbon;  14.60  percent  chromium. 

Ai— chromium  steel;  0.10  percent  carbon;  26.00  percent  chromium. 

Ah— chromium-aluminum  steel;  1.10  percent  carbon;  1.55  percent  aluminum;  17.12  percent  chromium. 

Ai— manganese-nickel  steel;  0.7  to  0.8  percent  carbon;  12  to  13  percent  manganese;  3.0  percent  nickel. 

An— titanium  bearing  "18-8"  stainless;  0.07  percent  carbon;  0.34  percent  titanium. 
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Figure  3. —  Thermal  conductivity  of  "18-8"  stainless  steels  from  100  to  550  degrees 
Centigrade  {212  to  1,020  degrees  Fahrenheit) . 


A-, — 0.07  percent  carbon;  9.10  percent  nickel;  18.6  percent  chromium. 
-48—0.11  percent  carbon;  9.21  percent  nickel;  18.5  percent  chromium. 
4g—0.24  percent  carbon;  8.96  percent  nickel;  19.6  percent  chromium. 
4io  and  A\oA — 0.24  percent  carbon;  7.99  percent  nickel;  19.6  percent  chromium. 

Table  2. — Thermal  conductivity,  watts  cm~l  deg~x,  interpolated  for  the  temperatures 
listed  from  the  experimental  results 


Designation 


Material 


100  c 

200  C 

300  C 

400  C 

0.665 

0.607 

0.549 

0.491 

.589 

.543 

.497 

.451 

.550 

.519 

.488 

.458 

.528 

.502 

.476 

.449 

.458 

.435 

.413 

.390 

.412 

.408 

.396 

.381 

.445 

.427 

.409 

.391 

.403 

.389 

.376 

.363 

.385 

.371 

.363 

.352 

.366 

.358 

.351 

.343 

.261 

.262 

.262 

.262 

.249 

.259 

.268 

.277 

.243 

.247 

.252 

.256 

.209 

.219 

.229 

.238 

.177 

.188 

.199 

.210 

.148 

.160 

.171 

.183 

.164 

.177 

.190 

.203 

.163 

.176 

.189 

.201 

.156 

.172 

.187 

.202 

.149 

.164 

.178 

.193 

.150 

.166 

.181 

.196 

.161 

.176 

.191 

.206 

500  C 


0.435 
.405 
.426 
.422 
.367 
.364 
.372 
.349 
.341 
.336 
.263 

".'261 
.243 
.221 
.195 
.216 
.214 
.217 
.207 
.212 
.221 


Ci.. 
Ci__ 
Ci„. 

c4... 

Si... 
SiQ. 

S2— 

S3— 

Si... 
Si.- 
Ai._ 
Ai._. 

A3... 

A4— 

As— 
A«._. 
At— 
A8._ 
A... 
Am-. 
AioA 
Aii- 


Basic  open-hearth  iron 

Wrought  iron 

Cast  iron 

Cast  iron 

Plain  carbon  steel 

Same,  quenched 

Low-nickel  steel 

Low-manganese  steel 

Tungsten  steel 

Low-chromium  steel 

Chromium  steel 

Chromium  steel 

Chromium  steel 

High-chromium  steel 

Chromium-aluminum  steel 

Manganese-nickel  steel 

Chromium-nickel  steel 

Chromium-nickel  steel  -  ^ 

Chromium-nickel  steel . 

Chromium-nickel  steel 

Same,  annealed 

Chromium-nickel-titanium  steel 


The  values  relative  to  lead  are  believed  to  be  accurate  within 
2  percent.  Experimental  data  in  the  literature  indicate  that  the 
thermal  conductivity  of  lead  at  0  C  is  known  to  an  accuracy  of  3 
percent  or  better.  If  at  any  time  the  thermal  conductivity  of  the 
lead  standard  is  measured  by  an  absolute  method  and  the  present 
accepted  value  is  found  to  be  in  error,  the  data  on  all  of  the  materials 
tested  may  be  corrected  by  proportionate  adjustment. 
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IV.  DISCUSSION 

The  results  indicate  that,  in  general,  the  differences  in  conductivity 
of  irons  and  steels  are  much  smaller  at  high  temperatures  than  at 
room  temperatures.  High-alloy  steels  have  lower  thermal  conductivi- 
ties than  low-alloy  steels.  The  thermal  conductivities  of  iron  and 
low-alloy  steels  decrease  with  increase  in  temperature.  The  con- 
ductivities of  the  high-alloy  steels  increase  with  increase  in  tempera- 
ture; in  other  words,  an  increase  in  the  amount  of  alloying  constitu- 
ents in  iron  causes,  in  general,  an  increase  in  the  temperature  coeffi- 
cient of  thermal  conductivity. 

The  effect  on  thermal  conductivity  of  small  differences  in  compo- 
sition is  more  marked  in  iron  alloys  having  a  small  amount  of  alloying 
elements  than  in  alloys  with  higher  alloy  concentrations.  An  addi- 
tional and  somewhat  complicating  factor  is  the  nature  of  the  alloy. 
For  example,  the  total  alloy  content  of  cast  iron  (C3)  is  greater  than 
the  alloy  content  of  a  plain  carbon  steel  (SO  but  the  thermal  con- 
ductivity at  100  C  of  the  cast  iron  was  found  to  be  approximately  20 
percent  higher  than  the  conductivity  of  the  plain  carbon  steel  at  the 
same  temperature.  The  results  on  the  plain  carbon  steel  (S2  and  SiQ) 
show  that  a  heat  treatment  which  resulted  in  a  change  in  structural 
constitution  produced  an  appreciable  change  in  conductivity  at 
lower  temperatures.  The  many,  and  sometimes  conflicting,  factors 
concerned  make  it  practically  impossible  to  generalize  on  the  quan- 
titative relationship  of  thermal  conductivity  and  total  alloy  content 
of  ferrous  metals. 

With  the  exception  of  quenched  plain  carbon  steel  (SiQ),  the 
thermal  conductivities  of  all  the  materials  tested  were  found  to  be 
linear  functions  of  temperature  within  the  range  of  temperature  in 
which  measurements  were  made.  An  unusual  " scatter  "  is  noticeable 
in  the  plotted  points  representing  the  determinations  on  the  chromium 
steel  (A2).  The  differences  are  irregular  in  character  and  the  most 
probable  explanation  is  that  a  structural  change  in  the  specimen 
took  place  with  repeated  heating  in  the  apparatus.  The  irregular 
character  of  the  "scatter"  supports  the  belief  that  it  cannot  be 
attributed  to  experimental  error.  A  typical  example  of  "scatter" 
evidently  due  to  experimental  error  or  to  a  lack  of  homogeneity  of  the 
specimen  is  shown  by  the  points  representing  the  determination  on 
steel  A3.  The  results  of  the  first  series  of  determinations  at  relatively 
low  temperatures  are  represented  by  the  groups  of  points  numbered 
1,  2,  and  3  (fig.  2).  The  results  of  the  second  series  at  relatively 
high  temperatures  are  represented  by  the  groups  4,  5,  and  6.  The 
character  of  the  "scatter"  is  the  same  for  both  series  although  the 
temperatures  were  quite  different.  A  more  complete  investigation 
over  a  wider  range  of  temperature  is  desirable  but  was  not  possible 
in  the  present  apparatus. 

The  "18-8"  chromium-nickel  steels  studied  represent  low-carbon 
steels  (0.07  to  0.11  percent)  in  the  annealed  condition  (A7)  and  in  the 
quenched  condition  (A8)  and  high-carbon  steels  (0.24  percent)  in  the 
corresponding  conditions  annealed  (A9)  and  quenched  (Ai0).  As 
shown  by  the  curves  in  figure  3,  the  results  on  the  two  low-carbon 
steels  coincided  within  the  experimental  error  at  low  temperatures, 
and  very  nearly  so  at  higher  temperatures.  The  higher  carbon  speci- 
mens showed  differences  in  both  thermal  conductivity  and  tempera- 
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ture  coefficient  over  the  whole  temperature  range.  A  greater  difference 
in  composition  existed  between  the  two  high-carbon  steels.  In  order 
to  determine  whether  the  differences  in  thermal  conductivity  of  the 
high-carbon  steels  could  be  attributed  to  composition  or  to  previous 
heat  treatment,  the  quenched  specimen  was  annealed  and  the  thermal 
conductivity  was  redetermined.  According  to  the  results,  the  thermal 
conductivity  of  the  reannealed  steel  was  unchanged  at  low  temperature, 
but  at  higher  temperatures  the  annealed  material  had  a  higher  con- 
ductivity than  the  quenched  material.  It  is  noteworthy,  and  possibly 
of  some  significance,  that  the  thermal  conductivity  of  the  annealed 
steel  was  practically  the  same  as  that  in  the  quenched  state,  but  the 
temperature  coefficient  of  the  reannealed  specimen  A10A  was  of  the 
same  order  of  magnitude  as  that  of  the  annealed  specimen  (A9)  of  a 
different  composition. 
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